In this paper, a sword is investigated from a collection of archaeological iron swords displayed in the Egyptian Museum from the civilization centered on Ballana and Qustul in Egyptian Nubia (380-600 A.D.). A range of metallographic analytical techniques have been used to characterize the sword's metallic structure and its rust crust. The results revealed that the sword was made of low-carbon steel and corrosion products formed on the surface are iron sulfate, iron oxides/hydroxides including goethite, maghemite, magnetite, lepidocrocite, akaganeite and ferric chloride. The investigation also revealed that the rust crust constituted of two corrosion layers: a dense layer and a transformed medium. Crystals of soil minerals were clearly observed in the outer corrosion layer. Moreover, several microstructural features were detected, indicating the stage of deterioration and the features of metallurgy of this sword. Furthermore, the obtained results have been used to select appropriate conservation procedures for preventing degradation in the future and ensuring its reliable restoration.
Introduction
As a weapon, the sword first appeared as a simple long dagger made of tin bronze in ancient Egypt [1, 2] : even the swords used in the battle of Kadesh in 1274 BC were made of bronze [1, 3] . The long dagger shape sword developed into the sickle sword or Khopesh, which is characterized by a curved thick blade. With this shape, the Khopesh became one of the most important weapons in the ancient Egyptian army [2, 4, 5] . It continued to be made of bronze until the Iron Age which began in the Egypt at the eighth century BC. In ancient Egypt, Some iron artifacts were made of meteoritic iron before that time which shows the knowledge of how to extract iron from its ores [6] [7] [8] [9] .
In Nubia, iron was not known before the sixth century BC [10] . Nubia was a large region located on the river Nile covering southern Egypt and northern Sudan. Archaeologists have divided Nubia into three civilizations: Napatan, Meroitic and X-group (Ballana and Qustul) [10] . The X-group civilization is located in the Ballana and Qustul villages in Egyptian lower Nubia ( Fig. 1 ) and dates to around 350-600 AD in the time after the collapse of the Meroitic state and before the founding of the Christian Nubian kingdoms [11] . This civilization was unknown until October 1931 when two archaeologists (Walter Emery and Lawrence P. Kirwan) began an expedition in the tumuli of Ballana and Qustul. By November 1931, remains of sacrificial horses were found [10, 11] . At the end of their expedition in 1934, they discovered many royal tombs which were equipped with the richest funerary goods in Nubia. Bronze, iron and silver artifacts such as spears, axes, chisels and hammers were found in these tombs [12] .
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The present paper aims to study an iron sword discovered from the Egyptian Nubia by using various laboratory methods. There are no data about the metallurgy of steel in that civilization, it is important to find some literature about the metallurgy of steel making in the region in that time. Also, it is important to note that there is no analytical study in this field. Thus, it is necessary to conduct more studies on this subject in the future. It is worth noting that the current study is one of the early analytical case study works on the iron production and corrosion in the Nubian civilization and can be considered as a pioneer work to develop analytical study in this field. Regarding the appearance of the sword, it is necessary to investigate the metallurgical aspects of the sword including the composition and microstructure by microscopic/ microanalytical and analytical methods. Therefore, this research deals with the different characteristics of the Egyptian iron sword currently displayed in the Egyptian museum in Cairo. In fact, this study also highlights the role of the examination and analysis of the metallic composition and microstructure, and corrosion layers to identify the conservation conditions and the decisionmaking to select appropriate treatment methods for the analyzed sword. The study also aims to understand the corrosion mechanisms of archaeological iron, especially low-carbon steel, in the long-term burial.
Materials and methods

Descriptions and visual examination
The study focuses on the analysis of an archaeological iron sword from old Nubia that now is displayed in the Egyptian Museum in Cairo (No. 234). The sword is very straight and lengthy, at approximately 150 cm long. The thickness clearly increased and varied from area to another (Fig. 2) .
Visual examination reveals that the sword was subjected to various corrosion processes and was heavily deteriorated. It was completely covered with a thick crust of corrosion products with various colors. Several features of damage were detected including: solid globular masses of corrosion products mixed with soil deposits, a clear increase in thickness of the sword as a result of formation of the rust layer, and fracture in the hilt and loss in two zones. The outer corrosion layer on both sides is very rough and included on swilling, exfoliation, flaking and pitting phenomena. These deterioration features indicate the probable aggressive/corrosive conditions of the burial environment. The border of the original surface may has been lost and a change in shape and thickness has occurred in the sword structure. The sword has a long hilt and more than its half is covered with a silver sheet. The hilt is corroded more than the blade, especially in the part under the silver sheet. The sword has lost some parts of its metallic structure and has become very fragile and brittle (Fig. 2) . A white coating layer was observed on the surface. The appearance and texture indicate that this layer may be a protective layer applied during previous conservation procedures. 
Preparation of the cross-sections
Two metallographic samples were taken from the edge of the sword for preparing a cross-section to study of the metallic structure and the rust crust. The specimens were prepared according to standard metallographic procedures as follows [26] : they were mounted in two-part epoxy resin, grounded using SiC papers (grade from 1000 to 4000) without using water and then polished with diamond paste 0.25 µm. After elemental analysis of the metallic structure and Raman analysis of the different corrosion layers, the polished sections were etched with Nital solution (100 ml ethanol and 2 ml nitric acid) for further metallographic studies.
Chemical composition of the metallic structure
As noted above, the sword is completely covered by a thick rust layer and its metallic core is obscured under this layer, therefore the elemental analysis should be carried out using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) method. The analysis was performed at central metallurgical research and development institute (CMRDI) in Cairo, Egypt by the method of X-ray energy-dispersive spectroscopy (EDS) using INCAPentaFETx3 spectrometer with power: 30 kV, Si(Li) detector, and JEOL (JSM-5410 model) scanning electron microscope (SEM). The EDS analysis performed here can not quantify light elements such as carbon [27] . This element is especially important to the study of archaeological iron samples because they usually contain various concentrations of carbon. Thus, it was also necessary to perform another type of elemental analysis, and for this purpose, a carbon sulfur analyzer was used to determine the carbon concentration if found and thus to determine the type of iron alloy. The analysis was carried out at CMRDI and the parameters were as follows: the model: ELTRA's CS-2000, Elemental analysis of the silver sheet of the sword hilt was conducted by portable X-ray fluorescence (pXRF) using modal Elio XGlab's company, the device is existing at the Egyptian museum of Cairo and the analysis directly carried out on the surface without taking sample. The analysis parameters were as follows: measurement time: 40 s, tube voltage: 40 kV, tube current: 20 μA, spectrum left cut: 1 keV, spectrum right cut: 50 keV, spectrum upper limit: 50 keV. Analysis by pXRF of thirteen spots on the sword surface was also performed. The sword's surface was mineralized so the purpose of the elemental analysis is not to identify the metallic core. The analysis by pXRF of many points on the corroded surface may recognize some elements that are not attributed to the defined corrosion products by the Raman.
Mineral composition analysis
Three samples of the corrosion layer were powdered using an Agate mortar and were analyzed. The analysis conducted to CMRDI with an X-ray diffractometer, Bruker D8 advance using CuKα radiation, calibrated against a quartz standard and wavelength of 1.789 Å. Raman analyses were also used to identify the internal corrosion layers. Raman measurements were carried out in Egyptian Petroleum Research Institute (EPRI) Cairo via dispersive Raman microscope: model Senterra, Bruker. Spectra were acquired with wavelength of 785 nm, laser power 5 mW, aperture setting 50 × 1000 μm and the sample was scanned twice. The spectrometer calibration is obtained from a silicon crystal which the Raman signal is at 520.5 cm −1 .
Fig. 2
Shows the sword from both the sides, some details of the hilt, the solid globular masses from soil deposits with corrosion products, the zones of the taken samples (the red boxes) and the analysis spots by pXRF on the surface (the blue arrows)
Microscopic characterization
The investigation of the corrosion layer and metallic structure were conducted on the samples of the polished cross-section before and after the etching. The characterization was performed by optical microscopy (OM) using polarized light microscope model Bx5 manufactured by Olympus Company, Japan, and scanning electron microscope (SEM). Also, the sword's surface was observed and examined in the Egyptian Museum Laboratory using low magnification by stereomicroscope model M60 magnification range 500× manufactured by Leica, Germany equipped with a leica MC 190 HD digital microscope camera.
Identify the coating layer
The coating layer was identified by Fourier-Transform Infrared spectroscopy (FTIR) method, by a FT-IR spectrometer model Jasco 4100, KBr disc as standard reference, resolution 4 cm
, scanning speed 2 mm/sec, detector TGS and wavenumber from 349 to 7800 cm −1 .
X-ray radiography
X-rays radiographic investigation was used to reveal the areas of corrosion layers and some areas of object that have lost the metallic structure and are partially mineralized. The examination was conducted in the Egyptian Museum Laboratory, the X-ray unit is model PXP-60HF and the X-ray parameters are 110 kV, 33 MA and 85 D.
Results and discussion
Microscopic observations
Examinations by stereomicroscope of the corroded sword surface shows the common shape of the goethite (α-FeOOH) corrosion product in iron artifacts, which is described as a 'cotton ball' shape [28, 29] . This shape appeared on the surface as yellow spots under corrosion products; these spots increase and expand until the external corrosion layer explodes and the yellow color appears as shown in Fig. 3a-d . Some areas of the artifact present different aspects of damage such as cracking, splitting and flaking on broken sections due to the volume increasing caused by the formation of goethite [28] . Other features revealed on the sword surface under low magnification are microscopic features such as deep cracks and shiny blisters most likely resulting from a corrosion phenomenon namely "weeping" (Fig. 3e-g ) [19] . The white layer that was macroscopically observed was confirmed microscopically too (Fig. 3h) .
Chemical compositions
The carbon/sulfur analyser and energy-dispersive X-ray spectroscopy revealed that the metallic matrix of the sword is of low-carbon steel [30] , the main element is iron with impurities mainly consisting of carbon, silicon, aluminium, and phosphorus as shown in Fig. 4 and Table 1 . The presence of silicon in the matrix of archaeological iron objects is not related to any deliberately addition but it appears as the main element of the Si-rich phases of slag inclusions (SiO 2 -rich slags) which formed during production process. The presence of slag in ancient iron is not only due to the ore used but also the smelting system in ancient furnaces, which involved fuel ash, fluxes and furnace lining, as is often suggested in recent literature and reports [31] [32] [33] . Chemical compositions of the silver sheet of the hilt was measured by pXRF on three spots and showed that this sheet consisted of silver as a major element and copper as a minor one (Table 1) . It shows that the silver sheet has been manufactured from the silver-copper alloy with about 3 wt% of Cu. It may has been added to the silver to increase its strength and hardness [34] .
The characterization of the corrosion layer
According to the records of the excavation expedition, current conservation state of the sword is similar to its state when it has been discovered. In addition, all iron swords discovered from this cemetery of the same expedition are similar in the conservation state, the rust layers formed and the surface appearance. Based on available data, it can be derived that the rust crust formed on the surface of the object are due to the burial environment and although the sword has been discovered more than 80 years ago, the effect of display or storage conditions in the rusting process was inefficiently. Relative stability of the sword since its discovery time may be due to two factors: the preventive nature of the outer corrosion layers that were more stable after the mineralization into corrosion products and also controlled storage or display condition in the Egyptian museum. The rust layer and the surface appearance of all iron swords discovered from this cemetery were similar and thus the study of one of these swords may be sufficient to study the characterization of the formed corrosion layers and understanding the corrosion mechanism in this cemetery. Microscopic observations revealed that the internal corrosion layers of the sword are similar to the corrosion morphologies observed in many iron artifacts buried in the soil environment. The sword was completely covered with a thick corrosion crust mainly constituted of two layers including the internal or the dense product layer (DPL) and the external or transformed medium (TM) (Fig. 5a) [20] [21] [22] [35] [36] [37] [38] . Based on the literature, DPL layer is an internal corrosion layer formed beside of the metal substrate in which some internal markers such as probable slag inclusions may be visible. It is usually including oxide/oxyhydroxide iron corrosion products. Furthermore, the TM layer is an external corrosion layer occurring between DPL and non-altered soil in which different iron corrosion products and soil particles are mixed together. The interface between DPL and TM may be the place of the original surface that may have moved during the corrosion events [20, 21] .
The characterization of the corrosion layers of the studied sword can be distinguished as following 1. The first layer (DPL); As usual, was observed adjacent to the surface of the metallic structure and is denser than the external layer [39] . The phases of this layer can be distinguished by under optical microscope (OM). The DPL layer is constituted mainly of light yellow phase as a main phase, light marbling strips embedded in the main phase and areas of an orange phase (Fig. 5a-c) . Many microcracks as black holes were also observed in this layer. On the other hand, yellow, red and green corrosion spots were observed by OM (Fig. 5d-g ), which indicates the probable presence of active corrosion, and thus the sword may be suffered to more corrosion and deterioration in unsuitable conditions.
Corrosion products of the DPL layer were identified by micro-Raman (Table 2 ) before the etching; this is important because the etching could alter the corrosion products. Raman spectrum analysis of the light yellow corrosion area, which formed at the most areas of the DPL layer, provided a sharp and high band at 666 cm −1 and the next strongest peak at 300 cm −1 as in Fig. 6a . These two bands are attributed to magnetite (Fe 3 O 4 ) [20, 35, [40] [41] [42] . Furthermore, Raman spectroscopy revealed that discontinuous strips with color of light marbling in the DPL layer are composed of akaganeite (β-FeOOH) mixed with maghemite (γ-Fe 2 O 3 ), Akaganeite is defined at bands 720, 319, 400 and 551 cm −1 [43] and maghemite at 720 and 664 cm −1 [43, 44] , as shown in Fig. 6b . The orange which appears in TM/DPL interface was also analyzed using Raman spectroscopy. The results showed lepidocrocite (γ-FeOOH) as a corrosion product of the orange color detected at a large and intense band at 398 cm −1 and various medium bands (139, 209, 338 and 1312 cm −1 ) (Fig. 6c) [44] . 2. The second layer is the transformed medium layer (TM) which has high porosity and has been transformed to the mineralized products. Microscopic examination showed that this layer probably consist of a gray phase mixed with some soil minerals. The gray corrosion phase is the main phase of this layer, Raman spectrum of this phase gave four bands (388 cm −1 as the major peak and 299, 549, and 646 cm −1 as minor peaks). These corresponded with bands of a goethite corrosion product (α-FeOOH), as shown in Fig. 6d [43] [44] [45] . Soil minerals and goethite were observed in the microstructure of this layer by SEM and OM (Fig. 7a-d) . Some areas of the outer part of the TM layer are very rich in soil minerals, more than the goethite corrosion, as shown in Fig. 7a, b . The TM layer contains one of the most important decays features of iron artifacts. This phenomenon as known as weeping; the term "weeping" is used for the hollow beads observed in the corroded surfaces of the excavated irons from the soil environment, as shown in Fig. 7e, f [28, 37, 40] 3 Stereomicroscope images of the corroded sword surface; a-d a 'cotton ball' shape of goethite corrosion products, e a deep cracks and flaking, f, g shiny blisters, h layer of wax used as protective coating the object. In some cases, it is considered as a way to determine the authenticity of iron artifacts [28, 40] . The color of this shell was blackish brown and was identified in previous study by Raman spectroscopy as akaganeite [28] and in another one was identified as (α-FeOOH), lepidocrocite (γ-FeOOH) and akaganeite (β-FeOOH) [41] .
Elemental analysis by pXRF of thirteen spots on the corroded sword surface showed high concentration of Cl and S (Table 3) , and thus there are other corrosion products of the TM layer embedded in the goethite phase. A high concentration of silicon was also detected in several points, with high amount as 63.5, 61.2, 73.5, and 68.4 wt%. Moreover, silicon may be related to quartz which was clearly observed in the microscopic examination by SEM and OM methods (Fig. 7) . XRD analysis explained the presence of Cl, S and Si, XRD revealed other iron corrosion products in TM layer including iron sulfate (Fe 2 (SO 4 ) 3 ) and ferric chloride (FeCl 3 ) (Fig. 8) . These products often formed in TM layer as a result of the reaction with anions of the soil environment. Also quartz (SiO 2 ) appeared on the surface as a result of the burial in the soil. It also explains the high percentage of silicon in the corroded sword surface which appeared by pXRF analysis (Table 3) . XRD also confirmed the defined products by the Raman and reveals magnetite (Fe 3 O 4 ), goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) (Fig. 8) .
The presence of fayalite (Fe 2 SiO 4 ) was also characterized by XRD (Fig. 8 ). This is a phase formed at high temperature and should not occur due to reaction of the iron with silicon in the soil. Rather, it is clear that this phase originates from the slag inclusions of the metal. The fact that slag inclusions contain fayalite in ancient metals is well known and widely published [32, 33] . The expulsion of slag in ancient smelting furnaces (bloomer furnaces) was never perfect [45] . Therefore, slag inclusions are commonly found in the microstructure of archaeological iron artifacts. The earliest analytical studies of the slag inclusions entrapped in iron were produced in bloomery furnaces [31-33, 46, 47] and revealed a systematic and highly repetitive pattern in slag composition, with most smelting slags plotting in the fayalite region of the FeOAl 2 O 3 -SiO 2 . Consequently, the crystallized phases inside the slag inclusions were often identified as fayalite and wüstite (FeO) [46, 47] . The formation mechanism of DPL and TM layer in the studied sword
The corrosion system on the studied sword was formed of two layers; DPL and TM layer. The composition and morphology of the two layers have been summarized in Fig. 9 . The DPL is the result of the internal oxidation/ corrosion of iron under influence of the burial environment. In fact, The DPL is formed on the metallic substrate by the iron oxidation and its thickness may be variable in different objects from various burial environments. Although, DPL is formed as oxide/oxyhydroxide iron products, it is possible to observe other iron minerals in the composition based on burial environments [20, 21, 48] . The mechanism of formation of the studied DPL layer and its products can be explained as follow:
In the beginning of the corrosion process, because high aeration of buried soil, mainly magnetite forms. With the long-term burial and continuous reaction, magnetite layer increased and cracks, parallel to the metal/magnetite interface can form. Burial environment is close to the river Nile and thus the soil is saturated in water. The magnetite layer is connected with the soil and thus its cracks become saturated in water. With the presence of water in the metal/DPL interface, Fe continued to the oxidation to Fe 2+ and as results of this there are two hypotheses; the magnetite layer increased and other phases formed [20] . Lepidocrocite and maghemite in DPL are a common transformation of magnetite. Some previous studies have indicated that magnetite may alter to maghemite or lepidocrocite [49] [50] [51] [52] . Akaganeite formed as results of chlorine in the soil water [20, 22] .
The TM is the external corrosion layer in the buried iron objects that is formed by corrosion products which migrated in the pores of the surrounding environment. The thickness of this layer also strongly depends on the corrosively and corrosive of the burial environment (pH, aeration, soluble salts, etc.). In fact, the dissolution of iron and its reaction with surrounding environment may lead to formation and deposition of iron corrosion/oxidation products over the surface of the object, perhaps over the original surface. It is the reason why TM is mixed with the soil particles, in many cases [22, 26, 48] . The formation of goethite product of the studied TM layer attributed to two factors; the formation directly from magnetite with a dissolution/recrystallization pathway and the formation separately as an Fe corrosion product as results of the reaction with Fe Table 2 The results of micro-Raman analysis
Analysis area
The layer Raman peaks cm -1
Phase References
Gray corrosion phase TM 388, 299, 549, 646 Goethite [43] [44] [45] Light yellow corrosion DPL 666, 300 Magnetite [20, 35, [40] [41] [42] Light marbling corrosion DPL 720, 319, 400, 720, 664 Akaganeite, Maghemite [43, 44] Orange corrosion zone DPL 398, 139, 209, 338, 1312 Lepidocrocite [44] from the core through cracks' DPL layer [49, 52, 53] . The corrosion products of iron sulfate (Fe 2 (SO 4 ) 3 ) and ferric chloride (FeCl 3 ) in TM layer formed as a result of the reaction with soil anions such as dissolved ions of sulfate and chloride.
Radiographic investigation
Radiographic examination showed that metallic structure remains only in the middle (internal) zone of the object, and the outer layers are completely transformed into corrosion products. This metallic part retained the sword without large breakings. The study also revealed previous restoration processes such as joining: two pieces appear as separate parts from the sword and are surrounded by a black area as result of the adhesive used which does not appear under X-ray radiation. Furthermore, a fraction was observed in the hilt in the uncovered part with silver. The X-ray investigation also revealed large pores and many gaps were observed as dark areas due to a complete mineralization in these areas (Fig. 10) .
Previous and present conservation processes
Previous conservation processes were found on the sword. These include the separated crusts adhered to the sword and the protective coating identified by FTIR, which revealed that the coating is paraffin wax. The results were compared with the FTIR spectrum of paraffin in a previously published study [54] and also with the analysis result of a standard paraffin sample, as shown in Fig. 11 . The present conservation was carried out in many stages. The first stage is the cleaning process. For metallic artifacts which have been completely or partially exposed to mineralization, there are relatively few conservation choices because the outer layer which includes the details and borders of the original surface is transformed irreversibly into a thick corrosion crust. Therefore, the surface appearance was improved by the removal of thick deposits from the corroded surface. Mechanical cleaning is the sole means to safely remove soil deposit and corrosion products without exposure to chemical solutions [55] . Therefore, the cleaning process was conducted using a dental drilling machine, special fiber glass brushes and scalpels.
The completely or partially mineralized iron artifacts often have the following damage symptoms: weakness in the microstructure, loss in many metallic properties, cracks, swilling, flaking, holes and pores. The filling of cracks and consolidation to secure the surface are necessary. These consolidation processes were performed using a mixture of araldite with oxide of gray color as an adhesive. This mixture was used to fill cracks making the surrounding areas vulnerable to further fracture. Reversibility is a very important principle in conservation so a thin layer of paraliod with oxide of gray color was applied before using the araldite mixture. The final stage was consolidation for protection and stabilization. Paraloid B-44 solution with 3% concentration in ethanol was used to prevent the formation of further corrosion products and improve the stability of the sword [54] . To further protect this sword, it was packed individually and stored in airtight glass box with silica gel; this silica gel should be checked and changed every 3 months until a stable condition is obtained.
Conclusion
The buried iron artifacts in the soil may have been exposed to many agents of decay; therefore, numerous and various chemical and morphological aspects of damage appear on these artifacts. The sword investigated in this paper, is made of low-carbon steel (iron) that has been excavated from a sandy burial soil. It exhibits different types of corrosion. For this purpose, the rust layer covering the residual metal was investigated and characterized by analytical and microscopic methods. The results of analyses have contributed to understanding the behavior of the object in the burial environment during the long-term abandonment resulting to the formation of the rust on this buried iron artifact. Based on the microscopic, SEM-EDS and XRD studies, the rust crust on this sword consists of two distinct layers: (1) The DPL (dense product layer) which has been covered the remaining metal strucuture, mainly composed of different iron corrosion products including magnetite with some goethite (gray color) and some zones of lepidocrocite (orange color). Numerous cracks are obviously visible in the SEM micrographs of this layer. Also, some yellow, red and green spots were observed in optical microscopy illumination; (2) The TM (transformed medium) layer that its microscopic examination showed that it is constituted of goethite corrosion product mixed with some remnants of the burial environment and some soil minerals such as quartz and calcite. On the other hand, "weeping" was observed as another corrosion aspect in the corrosion crust of the sword. Presence of the weeping as well as small corrosion layers and spots with different colors indicated that the object is suffering active corrosion that shows the conservation problem present in the analyzed sword. 
